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1HYHUWKHOHVV WKHUH DUH VWLOO VRPHPDMRU FKDOOHQJHVZKLFKKDYH WR EH VROYHGZKLFK DUH OLVWHG KHUH DQGZLOO EH




GURSSLQJZKHQZHOGLQJ VLQJOHSDVVZHOGV LQ WKLFNQHVVHVRIPPRUDERYH6RPH LQWHUHVWLQJZRUNVZHUHGRQH
ORRNLQJ LQWRDQHOHFWURPDJQHWLFZHOG VXSSRUW V\VWHP$YLORY %DFKPDQQ 
'XULQJ WKH ODVW \HDUV WKHUH ZHUH DOVR GLIIHUHQW UHVHDUFK JURXSV ORRNLQJ LQWR ODVHU EHDP ZHOGLQJ XQGHU




ZLWK D ODVHU LQ RQH SURFHVV ]RQH EXW WKHUH DUH DOVR K\EULG SURFHVVHV FRPELQLQJ ODVHU DQG VXEPHUJH DUFZHOGLQJ












MRLQHGZLWKHGJHSUHSDUDWLRQ#N:ODVHUSRZHU8VLQJDPXOWLSDVV WHFKQLTXH5HWKPHLHUHWDO  VKRZHG
UHVXOWVRIZHOGLQJRIPPWKLFNSLSHOLQHVWHHO;LQSDVVHV)LJ7RZHOGHYHQKLJKHUWKLFNQHVVHVZLWKOHVV
SDVVHV WKH XVH RI ODVHU 6$: K\EULG ZHOGLQJ FDQ EH EHQHILFLDO:KHQ FRPELQLQJ ODVHU DQG 6$: WKH GLVWDQFH
EHWZHHQWKHWZRSURFHVVHVLVFUXFLDO:LWKDPPGLVWDQFHV\QHUJ\HIIHFWVDUHUHDFKHGZKLFKZLOOEHHOLPLQDWHG
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'XULQJ ODVHU*0$:K\EULGZHOGLQJ WKH SRVVLEOH HGJHPLVDOLJQPHQW ZDV PPZLWK JDSV RI XS WR PP




)XUWKHU ZRUN E\ *RRN HW DO  VKRZHG WKH SRWHQWLDO RI WKH ODVHU K\EULG ZHOGLQJ SURFHVV IRU D UHOLDEOH
SURGXFWLRQRIORQJLWXGLQDOZHOGVRIKLJKVWUHQJWKSLSHVWHHOV;DQG;,QWKLVFDVHD*0$:WDFNZHOGZDV
VXEVWLWXWHGE\DODVHUK\EULGZHOGUHDFKLQJDOOQHFHVVDU\FKDUS\YDOXHVHYHQIRUWHPSHUDWXUHVRI&
2QH YHU\ SURPLQHQW DSSOLFDWLRQ LV DQ DVVHPEOLQJ RI SLSHOLQHV 7KHUHIRUH D KDOI RUELWDO ZHOGLQJ SURFHVV LV
QHFHVVDU\ WR MRLQ WKH OLQHSLSHVZLWK WKLFNQHVVHVRIRQH WRVHYHUDO LQFKHV7KLVDSSOLFDWLRQ LVRIDKLJKHFRQRPLFDO
LQWHUHVWDVRQHDLPVWRVXEVWLWXWHDVORZPXOWLSDVV00$:RU*0$:SURFHVVE\DVLQJOHSDVVODVHUK\EULGZHOGLQJ
SURFHVV$PDMRUFKDOOHQJHLV WKHDSSOLFDWLRQRI WKHODVHUK\EULGSURFHVV LQDOOSRVLWLRQV5HVXOWVIURP*RRNHWDO
DEDQG*XPHQ\XNDQG5HWKPHLHUVKRZWKDWWKLVLVSULQFLSLDOO\SRVVLEOHIRUSLSHVRIXSWRPP
LQWKLFNQHVVZKHQXVLQJDODVHUSRZHURIDURXQGN:DQGDZHOGLQJVSHHGRIPPLQLQWKHIDOOLQJSRVLWLRQV























PDLQ LQIOXHQFLQJ IDFWRU FRXOG EH VHHQ LQ WKH MRLQW SHQHWUDWLRQ )XOO SHQHWUDWLQJ ZHOGV VKRZHG QR KRW FUDFNLQJ
ZKHUHDVSDUWLDOSHQHWUDWLQJZHOGV VKRZHGFUDFNV7KLV HIIHFWZDVDOVRVWXGLHGZLWK WKHKHOSRI)(0VLPXODWLRQV
*HEKDUGWHWDO 7KHUHVXOWVVKRZHGKLJKVWUHVVHV LQ UHJLRQVZKHUHVROLGLILFDWLRQFUDFNVZHUHIRXQG LQ WKH
H[SHULPHQWV ZLWK KLJKHU OHYHOV LQ WKH SDUWLDO SHQHWUDWLRQ PRGHO :KHQ ORRNLQJ LQWR WKH HIIHFW RI WKH SURFHVV
SDUDPHWHU*HEKDUGWHWDOFRXOGLGHQWLI\WKDWWKHUHDUHKLJKO\VLJQLILFDQWLQIOXHQFHVRIZLUHIHHGLQJVSHHGDQG
ODVHUEHDPSRZHUZKLOHWKHZHOGLQJYHORFLW\KDGQRPHDVXUDEOHLPSDFW
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3URFHVVGLDJQRVWLFVDQGVLPXODWLRQ









SRZHU RVFLOODWLRQV RI UDGLDWLRQ HQWHULQJ WKH GHHS SHQHWUDWLRQ FKDQHO LQOHW WR UDQJH EHWZHHQ  DQG  RI WKH
LQLWLDOILEHUODVHUSRZHU)LJDPHDVXUHGXSWRN:7KLVPHDQVWKDWQRWPRUHWKDQRIWKHODVHUSRZHUDUH
ORVW 7KH\ IRXQG RXW WKDW WKH YDSRXU SOXPH FRQVLVWV RI WZR SDUWV 7KH ORZHU SDUW KDV DERXW PP KHLJKW DQG LV
IRUPHGE\ WKH ODVHULQGXFHGZHDNO\ LRQL]HGSODVPD MHW FRQVLVWLQJRI WKHPHWDO YDSRU IURP WKHNH\KROH ,WKDVQR











,Q PDQ\ FDVHV QRZDGD\V DGYDQFHGPRGHOOLQJ WHFKQLTXHV DUH DSSOLHG WR XQGHUVWDQG DQG WR RSWLPL]H WKH ODVHU
K\EULG ZHOGLQJ SURFHVV 7KHUIRUH GLIIHUHQW VLPXODWLRQ WHFKQLTXHV DUH DSSOLHG 2QH DVSHFW LV WKH
VLPXODWLRQUHFRQVWUXFWLRQ RI WKH ZHOGLQJ WHPSHUDWXUH ILHOG .DUNKLQ HW DO  VLPXODWHG WKH LQYHUVH KHDW









ZHOGLQJ DQG WR RSWLPL]H WKHLU SURFHVVHV2WWR HW DO &KR HW DO =KDQJ HW DO  VLPXODWHG IXOO
SHQHWUDWLRQ ODVHU ZHOGLQJ RI WKLFN VWHHO SODWHV ZLWK KLJK SRZHU KLJK EULJKWQHVV ODVHU QXPHULFDOO\ 7KH WUDQVLHQW
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HYROXWLRQ RI WKHPROWHQ SRRO DQG WKH NH\KROH LQ WKH TXDVL VWHDG\ VWDJH RI ODVHU IXOO SHQHWUDWLRQZHOGLQJ KDV DQ
RELRXVO\SHULRGLFFKDUDFWHU7KHWUDQVLHQWIORZILHOGRIWKHPROWHQSRROLVWKHRXWFRPHRIWKHG\QDPLFFRPSHWLWLRQ
EHWZHHQUHFRLOSUHVVXUHDQGVXUIDFHWHQVLRQ$W\SLFDOF\FOHRIPROWHQSRROIOXFWXDWLRQZDVGHWHUPLQHGWREHDERXW







0RGHUQ KLJK SRZHU ODVHU EHDP V\VWHPV HQDEOH HIILFLHQW DQG IDVW MRLQLQJ RI WKLFN FRPSRQHQWV IRU YDULRXV
DSSOLFDWLRQVHJSUHVVXUHYHVVHOVSLSHOLQHVDQGSRZHUSODQWSDUWV7KHLUIXOOH[SORLWDEOHSRWHQWLDOEHFRPHVREYLRXV
LQIXOOSHQHWUDWLRQZHOGLQJ:HOGLQJGLVWRUWLRQVDQGSRURVLW\GXHWRNH\KROHWLSLQVWDELOLWLHVDUHUHGXFHGDWDORZKHDW





)XUWKHU LVVXHVZKLFK FDQ FDXVH DPHFKDQLFDO SRVWWUHDWPHQW RI WKHZHOGHG SODWHV DUH GXH WR WKH IRUPDWLRQ RI
VSDWWHUVLQWKHXSSHUUHJLRQRIWKHZHOGHGFRPSRQHQWVDQGDURXJKRUZDY\VXUIDFHILQLVK7KH\PD\DULVHIURPWKH
KLJKO\G\QDPLFEHKDYLRURI WKHPROWHQPDWHULDO HJGXH WRNH\KROH IOXFWXDWLRQVDQGHYDSRUDWLRQRIPDWHULDOEXW
DOVRIURPWKH0DUDQJRQLHIIHFWEHLQJSUHVHQWDWWKHIUHHVXUIDFHVRIWKHZHOGEHDG
$ SURPLVLQJ RSSRUWXQLW\ WR HOLPLQDWH WKH LPSDFW RI WKH GHVFULEHG HIIHFWV RQ WKH ZHOG SRRO EHKDYLRU LV WKH
DSSOLFDWLRQ RI FRQWDFWOHVV H[WHUQDO PDJQHWLF ILHOGV ZKLFK ZDV WKRURXJKO\ LQYHVWLJDWHG LQ WKH ODVW \HDUV
H[SHULPHQWDOO\EXWDOVRQXPHULFDOO\7KHPDWHULDOSURFHVVLQJZLWKHOHFWURPDJQHWLFIRUFHVZDVDOUHDG\DSSOLHGWRD
YDULHW\RIHQJLQHHULQJSURFHVVHV$VDL ,QPHWDOFDVWLQJDQHOHFWURPDJQHWLF VWLUULQJFDQ LQIOXHQFH WKHJUDLQ
VWUXFWXUH DW WKH VROLGLILFDWLRQ IURQW0RIIDWW DQG DOVR WKH UHVXOWLQJPLFURVWUXFWXUH %DUPDQHWDO EXW
SRVLWLYH HIIHFWV ZLWK GLIIHUHQW SXUSRVHV ZHUH DOVR SXEOLVKHG DPRQJVW RWKHUV UHODWHG WR FU\VWDO JURZWK
'HQQLVHWDODQGVXUIDFHDOOR\LQJ9HOGHHWDO)XUWKHULQYHVWLJDWLRQVUHSRUWRQWKHVXUIDFHTXDOLW\DQG











ZHOG SRRO 6FKQHLGHUHWDO DQG %DFKPDQQHWDOE 7KHUHE\ WKH IRUPHU LV SK\VLFDOO\ EDVHG RQ WKH
YDULDWLRQRIWKHLQGXFHG/RUHQW]IRUFHGHSHQGLQJRQWKHYHUWLFDOGLVWDQFHRIWKHPHOWWRWKHPDJQHW7KHODWWHUHIIHFW
UHIHUVWRWKHRUGHUVRIPDJQLWXGHGLIIHUHQWHOHFWULFDOFRQGXFWLYLWLHVRIOLTXLGPHWDODQGJDVEXEEOHVLQWKHZHOGSRRO
$ IXUWKHU FRPSRQHQW RI WKH HOHFWULF FXUUHQWV IRUPV GXH WR WKH PRYHPHQW RI HOHFWULFDOO\ FRQGXFWLQJ SDUWLFOHV
SHUSHQGLFXODU WR WKH DSSOLHGPDJQHWLF ILHOG DFFRUGLQJ WR WKH JHQHUDOL]HG2KP¶V ODZ 7KH FRUUHVSRQGLQJ /RUHQW]
IRUFHFRQVLVWVRIDFRPSRQHQWWKDWLVGLUHFWHGDJDLQVWWKHRULJLQDOPHOWYHORFLW\WKXVDFWLQJDVDEUDNLQJIRUFHZKLFK
LVFDOOHG+DUWPDQQHIIHFW+HQFH WKH LPSDFWRI0DUDQJRQLIRUFHVFDQEHGHFUHDVHGDQG WKHG\QDPLFV LQ WKHZHOG
SRRO LQ WHUPV RI SHDNYHORFLWLHV DWWHQXDWHV%DFKPDQQHWDOE DQG%DFKPDQQHWDOD$ UHGXFWLRQRI
ZHOG SRRO GLPHQVLRQV DQG D IORZ GDPSLQJ ZKHQ DSSO\LQJ D VWDWLRQDU\ PDJQHWLF ILHOG ZDV DOVR UHSRUWHG























WR WKHYDOXHVRI VROLGPDWHULDO DW URRP WHPSHUDWXUHDQGSDUWLFXODUO\ WKH UHODWLYHPDJQHWLFSHUPHDELOLW\7KXV WKH
SULQFLSDO LQYHVWLJDWLRQV ZHUH FRQGXFWHG IRU DOXPLQXP DOOR\V $YLORYHWDO %DFKPDQQHWDO DQG
%DFKPDQQHWDOD DQG DXVWHQLWLF VWDLQOHVV VWHHOV %DFKPDQQHWDODEFZLWKRXWRU LI DQ\ZHDNQRQ
IHUURPDJQHWLFEHKDYLRU ,Q FDVHRIGXSOH[RU IHUULWLF VWDLQOHVV VWHHOV WKH UHODWLRQEHWZHHQPDJQHWLF ILHOG DQG IOX[
GHQVLW\EHFRPHVQRQOLQHDUZLWKDVWURQJHOHFWURPDJQHWLFK\VWHUHVLV ORRS WKDWFDXVHVDGGLWLRQDOSRZHU ORVVHV WKXV
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)LJ+DUWPDQQHIIHFWLQODVHUEHDPZHOGLQJRI$O0J7KHZHOGLQJVSHHGZDVPPLQDQGWKHODVHUSRZHUZDVN:WDNHQIURP
%DFKPDQQHWDOD
([HPSODU\ IXOO SHQHWUDWLRQZHOGLQJ WHVW UHVXOWVZLWKRXW DQGZLWK DSSOLHG/RUHQW] IRUFHV DVZHOO DVZHOG FURVV
VHFWLRQVFDQEHVHHQLQ)LJ:LWKRXWHOHFWURPDJQHWLFIRUFHVWKHPHOWGURSVRXWRIWKHZHOGVHDPFRPSOHWHO\
ZKHUHDVDFRPSHQVDWLRQRIWKHK\GURVWDWLFSUHVVXUHLQWKHFROXPQRIOLTXLGPDWHULDOZDVVXFFHVVIXOZLWKPRGHUDWH
HOHFWURPDJQHWLFSRZHU OHYHOV7KHQRQXQLIRUPLW\RI WKH ORZHU VXUIDFHZDVGXH WR WKHYDULDWLRQRI WKHRVFLOODWLQJ
PDJQHWLFILHOGLQWKHYLFLQLW\RIWKHPDJQHWHGJHVZKLFKUHVXOWVLQVWLUULQJHIIHFWVWKHUH7KLVHIIHFWGRHVQRWRFFXU
ZKHQXVLQJDODUJHUPDJQHWSROHGLVWDQFH$YLORYHWDODQG%DFKPDQQHWDO6LPLODUYHU\SURPLVLQJ
UHVXOWVZHUH IRXQGIRUDXVWHQLWLF VWDLQOHVV VWHHO %DFKPDQQHWDODEFDVZHOODVGXSOH[VWDLQOHVV VWHHO VHH
)LJ$YLORYHWDO%DFKPDQQHWDOE7KHSRVVLELOLW\WRXVHWKH+DUWPDQQHIIHFWLQKLJKSRZHUGHHS




YLVLEOH LQ)LJ7KHZHOG VXUIDFHZLWK DSSOLHG VWDWLRQDU\PDJQHWLF ILHOGVEHFRPHV IODW DQG WKH VLGHZDOOV RI WKH
ZHOG VHDP DUHPRUH SDUDOOHO FRPSDUHG WR WKH UHIHUHQFH FDVH$V EHIRUH LQ DOO SUHVHQWHG FDVHV WKH H[SHULPHQWDO
UHVXOWVZHUHH[WHQVLYHO\DQGVXFFHVVIXOO\EDFNHGE\QXPHULFDOVLPXODWLRQV
/DVHUEHDPZHOGLQJXQGHUYDFXXPUHGXFHGSUHVVXUH
$QRWKHUYHU\ LQWHUHVWLQJ WUHQGGXULQJ WKH ODVW IHZ\HDUV LV WRZHOGZLWK ODVHUEHDPVXQGHUYDFXXPRU UHGXFHG




ZLWK D ODVHU ZKLFK DUH RWKHUZLVH RQO\ SRVVLEOH E\ HOHFWURQ EHDP ZHOGLQJ .DWD\DPD HW DO  UHDFKHG
SHQHWUDWLRQVLQW\SHVWHHORIPRUHWKDQPP#N:SRZHUPPLQYHORFRLW\DQGDSUHVVXUHRIN3D
7KHRYHUDOOLQWHUDFWLRQEHWZHHQODVHUEHDPDQGSOXPHEHFDPHVPDOOHUZLWKGHFUHDVHGSUHVVXUH8VLQJWKLVDSSURDFK
GHHSO\ SHQHWUDWHG ODVHUZHOG EHDGV RIPRUH WKDQ PP LQ GHSWK FRXOG EH SURGXFHG#N: DQG PPLQ DW
DWPRVSKHULFSUHHVVXUHDQGDVRXQGZHOGEHDGFRXOGEHPDGHLQDVWDLQOHVVVWHHOSODWHRIPPLQWKLFNQHVVZLWKWZR
SDVVHVIURPERWKVXUIDFHVLGHV0RUHRYHU LWZDVFRQILUPHGWKDW ODVHUZHOGEHDGVRIDERXWPPWRPPLQ
GHSWKZHUH IRUPHG XQGHU WKHZHOGLQJ FRQGLWLRQV RI WKH KLJK ODVHU SRZHU RI  N: WR N: WKH ORZ VSHHG RI
PPLQDQGWKHORZYDFXXPRIN3D.DWD\DPD5HLVJHQHWDODVKRZHGWKDWZLWKWKHLUODVHUEHDP
ZHOGLQJ XQGHU YDFXXP /D9D SURFHVV D VLJQLILFDQW LQFUHDVH LQ SURFHVV VWDELOLW\ DW ORZ ZHOGLQJ VSHHGV FDQ EH
REWDLQHGZKLFKOHDGVWRDKLJKZHOGVHDPTXDOLW\DQGKLJKSHQHWUDWLRQGHSWKV,Q6DQG64/WKH\UHDFKHG
SHQHWUDWLRQV RI PP ZLWK  N: #  PPLQ DQG  K3D 7KH\ SUHVHQW YHU\ LPSUHVVLYH SHQHWUDWLRQ DQG
SDUDPHWHUILHOGVIRUZHOGLQJVSHHGVEHWZHHQPPLQDQGPPLQ3RVVLEOHDSSOLFDWLRQVZHUHDOVRVKRZQIRU
KLJKDOOR\HGVWHHOVQLFNHOEDVHDOOR\VGXSOH[VWDLQOHVVVWHHOV WLWDQLXPDQGFRSSHU$KXJHDGYDQWDJHRI WKH ODVHU
EHDP WHFKQRORJ\ LV WKDW ILQH YDFXXP FRQGLWLRQV DUH QRW QHFHVVDU\ YHU\ LPSUHVVLYH UHVXOWV ZHUH DFKLHYHG DW D
SUHVVXUHRIDERXWK3DZKLFKUHGXFHVWKHRYHUDOOFRVWVDQGRSHQVDOVRDSSOLFDWLRQVRXWVLGHDYDFXXPFKDPEHU
7KHUHIRUHDQRWKHULQWHUHVWLQJVROXWLRQZDVSUHVHQWHGE\6FKQHLGHUHWDODEF7KH\SUHVHQWDQDSSDUDWXVIRU
22   M. Bachmann et al. /  Physics Procedia  83 ( 2016 )  15 – 25 
PRELOH ZHOGLQJ ZKLFK DOORZV WR SURGXFH D SUHVVXUH RI  PEDU DURXQG WKH LQWHUDFWLRQ ]RQH 'XH WR WKH ORZ
SUHVVXUH WKHYDSRXUSOXPHIRUPDWLRQ LVGHSOHWHGDQG WKHZHOGLQJGHSWKLVDURXQGKLJKHUFRPSDUHG WRZHOGV
SURGXFHG DW DPELHQW SUHVVXUH 7KH FRQVWUXFWLRQ LV FRPSDFW DQG LQGHSHQGHQW RI WKH VL]H RI WKH FRPSRQHQW WR EH
















KHDY\ FRPSRQHQWV DVVHPEOLQJ FRXOG EH VHHQ LQ K\EULG ODVHU DUF ZHOGLQJ 7KLV W\SH RI WKH ZHOGLQJ SURFHVV KDV





ODVHU ZHOGLQJ E\ XVLQJ ERWK H[SHULPHQWDO DQG VLPXODWLRQ WHFKQLTXHV $SSOLFDWLRQ RI PRGHUQ KLJK VSHHG YLGHR
REVHUYDWLRQ LQ VLWX [UD\ VFUHHQLQJ DQG GLIIHUHQW SURFHVV GLDJQRVWLFPHWKRGV HOXFLGDWHG WKHPHFKDQLVPV RI KHDW
FRQYHUVLRQLQWKHNH\KROHDQGKHDWDQGPDVVIORZLQWKHOLTXLGPHWDODVZHOODVEHDPLQWHUDFWLRQZLWKHYDSRUDWLRQ
SURGXFWV GHWHUPLQLQJ ZHOGLQJ SURFHVV G\QDPLFV DQG LQ ORQJ UXQ WKH TXDOLW\ RI WKH ZHOG MRLQW 7KH GLIIHUHQW
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$YLORY9*XPHQ\XN$/DPPHUV05HWKPHLHU03$SRVLWLRQIXOOSHQHWUDWLRQKLJKSRZHU ODVHUEHDPZHOGLQJRIXS WRPP
WKLFN$O0JSODWHVXVLQJHOHFWURPDJQHWLFZHOGSRROVXSSRUW6FLHQFHDQGWHFKQRORJ\RI:HOGLQJDQG-RLQLQJ
%DFKPDQQ 0 $YLORY 9 *XPHQ\XN $ 5HWKPHLHU 0  1XPHULFDO VLPXODWLRQ RI IXOOSHQHWUDWLRQ ODVHU EHDP ZHOGLQJ RI WKLFN
DOXPLQLXPSODWHVZLWKLQGXFWLYHVXSSRUW-RXUQDORI3K\VLFV'$SSOLHG3K\VLFV
%DFKPDQQ0$YLORY9*XPHQ\XN$5HWKPHLHU0D0XOWL3K\VLFDO)LQLWH HOHPHQW VLPXODWLRQRI DQ HOHFWURPDJQHWLFZHOGSRRO
VXSSRUW LQ IXOOSHQHWUDWLRQ KLJK SRZHU ODVHU EHDP ZHOGLQJ RI PHWDO SODWHV 0DWKHPDWLFDO 0RGHOOLQJ RI :HOG 3KHQRPHQD  (GLWRUV
6RPPLWVFK&(Q]LQJHU19HUODJGHU7HFKQLVFKHQ8QLYHUVLWlW*UD]










%DFKPDQQ0 .XQ]H 5 $YLORY 9 5HWKPHLHU0 E )LQLWH HOHPHQW PRGHOOLQJ RI DQ DF HOHFWURPDJQHWLF ZHOG SRRO VXSSRUW LQ IXOO
SHQHWUDWLRQODVHUEHDPZHOGLQJRIWKLFNGXSOH[VWDLQOHVVVWHHOSODWHV-RXUQDORI/DVHU$SSOLFDWLRQV
%DUPDQ1.XPDU3'XWWD36WXGLHVRQ WUDQVSRUWSKHQRPHQDGXULQJVROLGLILFDWLRQRIDQDOXPLQXPDOOR\ LQ WKHSUHVHQFHRI OLQHDU
HOHFWURPDJQHWLFVWLUULQJ-RXUQDORI0DWHULDOV3URFHVVLQJ7HFKQRORJ\














































2WWR$.RFK+/HLW].+6FKPLGW01XPHULFDO VLPXODWLRQV± DYHUVDWLOH DSSURDFK IRUEHWWHU XQGHUVWDQGLQJG\QDPLFV LQ ODVHU
PDWHULDOSURFHVVLQJ3K\VLFV3URFHGLD















6FKQHLGHU $ *XPHQ\XN $ 5HWKPHLHU 0 E 0RELOH YDFXXP GHYLFH IRU ODVHU EHDP ZHOGLQJ RI WKLFN PDWHULDOV UG ,QWHUQDWLRQDO
&RQIHUHQFHLQ$IULFDDQG$VLD³:HOGLQJDQG)DLOXUH$QDO\VLVRI(QJLQHHULQJ0DWHULDOV´























8QW$3RXWLDQLQHQ ,6DOPLQHQ$,QIOXHQFHRI)LOOHU:LUH)HHG5DWH LQ/DVHU$UF+\EULG:HOGLQJRI7EXWW-RLQW LQ6KLSEXLOGLQJ
6WHHOZLWK'LIIHUHQW2SWLFDO6HWXSV3K\VLFV3URFHGLD
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=KDR=&XL-'RQJ-=KDQJ%(IIHFWRIORZIUHTXHQF\PDJQHWLFILHOGRQPLFURVWUXFWXUHVDQGPDFURVHJUHJDWLRQRIKRUL]RQWDOGLUHFW
FKLOOFDVWLQJDOXPLQXPDOOR\-RXUQDORI0DWHULDOV3URFHVVLQJ7HFKQRORJ\
